Background: Asymmetric lacrimal flow occurs in females more than males. We hypothesised that the normal lacrimal drainage system (LDS) may show subtle left-right asymmetry in morphometry when imaged on dacryocystography (DCG).
INTRODUCTION
Major organ systems of vertebrates are structurally and functionally distinct on the left and right sides despite orderly symmetries of the exterior [14] . Interestingly, asymmetry in lacrimal flow is known to occur in females more than males [5] .
Consequently, as a result of this disparity in function we tested the hypothesis that the normal lacrimal drainage system (LDS) might show subtle left-right asymmetry in its anatomy and morphometry when imaged on digital subtracted dacryocystography (DS-DCG).
A parallel second goal of this research was to use the data obtained, consisting of accurate multiple morphometric measures of the LDS derived from high-resolution imaging, to establish the first comprehensive dataset for sizes of the LDS applicable as a reference when planning therapeutic luminal procedures on the LDS (e.g. dacryocystoplasty, endoscopy, stent placement, etc.) [4] .
Lastly, we wished to address the question of whether it would be possible, in the rare instances that it might arise, to rely entirely on the morphometrics of a normal LDS contralateral to a pathologically distorted LDS that requires surgery, to guide the size of instruments and devices to be used during interventions on the abnormal side. Such reliance would require the pre-supposition of a high degree of symmetry between right and left LDSs, and would play out in practice, for example, when DS-DCG images of one LDS might be used as a digital roadmap for contralateral LDS interventions. This same logic of using symmetry/asymmetry of body structures for simulation and planning of surgical procedures has been alluded to previously in the context of endovascular or extravascular repair procedures of arteries seemingly symmetrical within the body [15] . Knowledge of the presence of symmetric morphology of the LDS can provide ophthalmic surgeons and radiologists with better quantitative estimates, which may be used to measure the integrity of the LDS before and after surgical procedures.
MATERIALS AND METHODS
Procedures and imaging studies were performed during routine work-up of patients based on clinical indications; no prospective imaging of normal volunteers was performed in this study. The great majority of clinical indications for performing DS--DCG on patients were the presence of symptomatic epiphora. We retrospectively reviewed all DS-DCG studies performed over a 7-year period at our institution to assemble a cohort of non-consecutive studies with completely normal anatomy on DS-DCG imaging findings despite the patients' symptoms. Their symptoms were not attributable to structural abnormalities of the LDS, which is not an infrequent finding of DCG studies in clinical practice.
All procedures were performed by 4 radiologists using the same standard technique after informed consent was obtained [7] . After placing the patient in the supine position, topical anaesthesia eye drops (0.5% proparacaine hydrochloride) were administered. A 0.012" catheter was connected to a disposable syringe containing non-ionic contrast medium (iopamidol, 300 mg iodine per mL). Its end was introduced into the lower or upper lacrimal punctum and held in position using adhesive tape. The head of the patient was fixed and the correct position checked on fluoroscopy. One to 2 mL of contrast medium was gently administered whilst acquiring digital subtraction images (Siemens AXIOM Artis) at 3 frames per second, until contrast medium was seen to spill into the nasal cavity. Only frontal images were obtained on a routine basis. Importantly, we wished to establish normative dimensions of the LDS on routinely available frontal DS-DCG images, since these are precisely the studies performed by most radiologists upon clinical referral, and viewed by ophthalmologists prior to any surgical interventions. As such, additional manoeuvres, e.g. lateral imaging or variations in injection pressures and consequent variable distension of the LDS, were not pertinent factors in our study.
According to the guidelines of the revised Declaration of Helsinki, this study reported the retrospective analysis of anonymised data (images) obtained from 'routine sources' where consent of individual patients and ethical approval for research analysis was therefore not considered necessary [10, 13] . We retrospectively reviewed 60 normal bilateral DS-DCGs performed on 30 patients. Using a GE healthcare Centricity™ PACS--IW review workstation, 2 radiologists retrospectively analysed together all anonymised digital images and used electronic callipers to measure 7 parameters: (1) the combined length of either the superior or inferior canaliculus plus common canaliculus, (2) the angle subtended by the common canaliculus and lateral wall of the lacrimal sac, (3) the length of the lacrimal sac, (4) the width of the lacrimal sac, (5) the length of the nasolacrimal duct (NLD), (6) the width of proximal NLD, and (7) the width of the distal NLD. We tested the effect of independent variables (age, gender, and side) on the dependent variables (length, width, or angle) using regression analysis in Microsoft ® Excel. We used 1-way analyses of variance (ANOVA) as regression models when the explanatory variables were dummies or qualitative in nature (gender and side) and the regressands were quantitative (length, width, and angle). We used linear regression analyses when the regressor (age) was quantitative. Statistical significance was set at p < 0.05.
RESULTS
The patients ranged in age from 42 to 82 years (mean 62 years); 73% were female and 27% were male, which reflected the acknowledged more common occurrence of epiphora in females. All DS-DCGs were of good diagnostic quality, with sufficient pixel shifting that counteracted any motion artefacts, and which optimally outlined the course of the LDS free of surrounding bones (Fig. 1) . The results are presented in detail as mean, standard deviation, and range, as displayed in Table 1 . The results of regression analyses are presented in Table 2 . None of the independent variables affected variations in length, size, and angles measured. No significant difference emerged between dimensions of the right and left LDSs.
DISCUSSION
Segmental canalisation of the ectodermal epithelial cords that develop into the LDS occurs simultaneously throughout their entire length between the fourth and eighth months of gestation [11] . The anatomy of the LDS has been described in detail elsewhere [4] . In brief, tears from the conjunctival sac enter the puncta of both inferior and superior canaliculi. These 2 canaliculi merge to form the common canaliculus (common ampulla) and may enter directly, by 1 or 2 openings, or indirectly, by a dilated small diverticulum of the lateral wall of the lacrimal sac, into the sinus of Maier. The common canaliculus enters the lateral aspect of the nasolacrimal sac just above the junction of its upper and middle thirds. The nasolacrimal sac empties inferiorly into the NLD, which consists of a superior intraosseous portion and an inferior membranous portion. The intraosseous NLD travels posterolaterally through the nasolacrimal canal within the maxillary bone, while the membranous part runs within the nasal mucosa, eventually opening into the inferior meatus of the nose under the inferior turbinate. Representative but incomplete morphometric dimensions of the LDS reported in the literature are summarised in Table 3 .
The first radiographic examinations of the LDS were carried out by Aubaret in 1911 and Szily in 1914 [8] . Since then, a variety of imaging techniques have been developed for the lacrimal apparatus, including DS-DCG, scintigraphy, ultrasonography, post-dacryocystographic computed tomography, and magnetic resonance dacryocystography [7] . The value of these modalities in the diagnosis of diseases of the LDS has been the subject of numerous studies. It is generally accepted that the modern imaging technique of DS--DCG is the gold standard for outlining the in vivo anatomy, luminal profile, and pathology of the LDS [6] . A typical DS-DCG image with a 1024 × 1024 matrix has an in-plane spatial resolution of 250 µm [3] . Visualisation by DS-DCG reveals considerable variations in the structure of the sac and NLD among normal individuals. Nonetheless, in the normal DS--DCG, the canaliculi, lacrimal sac, and NLD are not usually dilated, and on the frontal images the lacrimal sac and NLD may have almost a linear configuration. In a patent LDS, there should be free flow of contrast through the NLD into the inferior meatus of the nasal cavity. Despite the non-distended state of a normal LDS, the high spatial resolution of the images is usually adequate to allow depiction of fine irregularities Table 2 . The results of regression analyses: We tested the independent variables (age, gender, and side) against dependent variables (length, width, or angle, abbreviated as 1 to 7, and outlined in detail below) using regression analysis. Significance set at p < 0.05. P values displayed. The coefficient of determination (R 2 ) is also displayed for results of testing the effect of age on the dependent variables.
None of the independent variables affected variation in length, width, or angle in luminal contour. This is optimal for the purposes of our study to obtain accurate and clinically relevant morphometrics and to depict the presence of any subtle left-right asymmetry in the anatomy of the LDS. Major organ systems of vertebrates are structurally and functionally distinct on the left and right sides despite orderly symmetries of the exterior [14] . Interior asymmetries of each organ system appear to follow a concordant plan: their left-right orientation is not normally random and is consistent among distinct classes of vertebrates, suggesting an evolutionarily shared developmental mechanism [14] . It is believed that in the central nervous system (CNS), asymmetries in late embryological development foster the development of complex behavioural functions. Indeed, the role of CNS asymmetries in behavioural functions is currently an active area of study in developmental biology, including the question of the genetic control of asymmetry, ranging from behaviours based in brain functional asymmetry to simple morphological asymmetries [14] .
A degree of affective lateralisation in the brain is known to result in lacrimal flow asymmetry after mood manipulation [5] . The functional and neuroanatomical patterning that may control this asymmetric lacrimal flow above the level of the facial nerve nucleus is unknown [5] . We show that this asymmetry is not substantiated in consequent anatomic and morphometric features of the LDS. Although the anatomy of the lacrimal glands themselves was not examined (any asymmetry of which may or may not contribute to explaining the known disparity of lacrimal flow), it would seem that further basic understanding of genetic and higher CNS control of lacrimal flow might depend on functional characteristics rather than reliance on evidence of morphological asymmetry of the LDS. Nonetheless, our findings of bilateral LDS symmetry, and the first comprehensive morphometric measurements we provide for the entire LDS, can be of practical use clinically in therapeutic planning for patients undergoing luminal procedures on the LDS (dacryocystoplasty, endoscopy, stent placement, etc.) [4] especially when DCG images of one LDS may be used as an aid and digital roadmap for contralateral LDS interventions.
